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Preface

Over the past two decades I have given talks and been on panels dealing with 
space medicine, suspended animation, medical nanotechnology, and similar 
topics at science fiction conventions. Audience members have often asked me 
where they could read more about these subjects that blend medicine with 
science fiction. Until now I could only tell them that information is scattered 
over numerous books, research papers, and other sources, with many of them 
written at a technical level not geared for a general readership. Some of those 
individuals have urged me to write a book covering those topics.

Using Medicine in Science Fiction is my response to that request. Its purpose 
is to describe how the human body actually works, the myriad ways that space 
travel, radiation exposure, and other factors affect it, and the biological chal-
lenges to modifying and “improving” it. Science fiction writers can use this 
information to make their depictions of human biology more accurate and 
plausible. Readers will gain a better understanding of the medical science un-
derlying such commonly used plot elements as life extension, cloning, genetic 
engineering, and bionics.

The subjects I cover in this book are complex and vast. No single work can 
comprehensively include what is currently known about them, and new re-
search will further expand our knowledge and capabilities. Instead each chap-
ter focuses on presenting core concepts about human biology and medical 
care, summarizing the current status of individual topics (e.g. stem cells and 
organ transplantation), and describing what would need to be done to turn 
ideas now solely the provenance of science fiction into reality.

Science fiction does not need to be ultrarealistic in its portrayals of medical 
issues to be effective, enjoyable, and thought-provoking as fiction. Sometimes 
a little “blurring” of medical detail is, in fact, justified by the greater goal of 
making a story, television show, or movie succeed as a whole. A science fiction 
work can still triumph as an exercise in imagination, entertainment, and/or 
exploration of the human condition even if the medicine in it stretches plau-
sibility to or beyond its breaking point.

But there is a danger with putting the priorities of fiction over those of sci-
ence. A work depicting suspended animation, advanced genetic engineering, 
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or other medical elements well beyond current capabilities may give those un-
familiar with real medicine an erroneous impression of how “easy,” plausible, 
or even possible they are. This can do a disservice by inadvertently “teach-
ing” its audience something that might be dubious at best or perhaps simply 
wrong.

While I hope you find the information in this book interesting and en-
lightening in its own right, it is also meant to serve another very important 
purpose. It will give you a better appreciation for how much of a difference 
there is between current medical science and that shown in science fiction. 
Sometimes the gap between them is small and might be bridged in the near 
future. In other cases there is a huge chasm that will require overcoming tre-
mendous challenges, with no guarantee that they can be actually be done at 
all or at least used in a practical way. And it will also help you identify what 
medicine is “impossible” so that you can, if you choose, decide to suspend 
your disbelief to enjoy a science fiction work rather than learn something that 
is actually not correct.

In medicine as in life, it is best for each of us to know what is actually true. 
The second best thing, as Socrates knew, is to know that we really do not 
know something with certainty, and to try our best to understand and learn it. 
By far the worst situation is to “know” something is true when it really is not, 
or is at least less certain to be right or more complex than we think. Similarly, 
medical science must also continuously reevaluate what it “knows” based on 
new discoveries, facts, and concepts.

This book gives a snapshot of where many medical concepts used in science 
fiction are right now in their development. However, even the most informed 
speculation on when or whether they will eventually become real has an un-
avoidably wide margin of uncertainty. Fortunately, whatever path the future 
of medicine does take, we have science fiction to help imagine what it might 
be.
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1
How the Human Body Works: From 

Quarks to Cells

What a piece of work is a man! How noble in reason! How infinite in 
faculty! In form, in moving, how express and admirable!

William Shakespeare
Hamlet

Man is the measure of all things.
Protagoras

Science fiction is created by and for human beings. By definition it sets char-
acters in times, places, and situations that subtly or overtly involve scientific 
principles. A science fiction work might take place in Earth’s future, such as 
with the Star Trek universe. It may occur on worlds other than our own, as 
near as the Mars of Ray Bradbury’s The Martian Chronicles stories or as remote 
as the intergalactic regions of E. E. “Doc” Smith’s classic “Lensman” series. 
Or it could present science-based ideas and challenges in a contemporary (at 
least for a particular time) setting, like in early television series such as Science 
Fiction Theatre (1955–1957) or The Outer Limits (1963–1965). As a genre 
science fiction helps expands our conception of what reality is and humanity’s 
place in the universe.

But however exotic the location or (perhaps literally) alien the individuals 
and groups depicted, how we understand and relate to what we read or see is 
inherently limited by our own minds and bodies. Even without consciously 
doing it we compare and contrast the scenes and “people” in a science fic-
tion story, television show, or movie with our own experience and knowledge 
as individuals. Of necessity we use our own concepts of society and what it 
means to be human as the starting point for, if not necessarily judging, at least 
comprehending what is depicted in a science fiction work. In that sense, and 
updating the ancient Greek philosopher Protagoras, human beings truly are 
the measure of all things—at least to us human beings.

This intrinsic anthropic point of view also includes human biology. We 
use our own bodies and thought processes as the benchmark for understand-
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ing the nonhuman. Here too this does not necessarily mean making value 
judgments about the superiority or inferiority of modern-day humans vis-à-
vis other life forms, including versions of humanity altered from the current 
“norm” by scientific means or evolution. Instead it can be a simple matter-
of-fact observation that most of the patrons at the Mos Eisley cantina in Star 
Wars: A New Hope (1977) have bodies noticeably different from ours. Like-
wise the fact that the extraterrestrial Kloros in Isaac Asimov’s short story “C-
Chute” (1951) and some patients in James White’s “Sector General” series of 
works breathe chlorine rather than oxygen leads us to the inevitable conclu-
sion that their physiology must be radically different from the human variety.

But to understand how our bodies would respond in new environments, 
the ways they can be injured or altered, and how they compare to possible 
nonhuman sentient beings such as extraterrestrials or machines with artifi-
cial intelligence, we must first understand what our bodies are and how they 
work. Each of us normally thinks of his or her body holistically, as a single 
entity encased by a boundary of flesh and operated by what a person considers 
“me.” While the literal truth of this basic “ghost in the machine” concept is 
an appropriate topic for philosophical and scientific critique, this is the way 
it typically feels to us when we stop to think about it and do not merely take 
what we “are” for granted.

However, just as a particular arrangement of metal, plastic, wheels, an en-
gine, etc. can be conceptually lumped together into a single word, “automo-
bile, ” the term “human body” is our overall designation for a specific collec-
tion of many different materials and parts. The latter define what we are both 
physically and functionally, and they must continuously interact together in 
complex ways to sustain the process we call “life.” This chapter will examine 
what it is that, in the most fundamental sense, makes us what we are.

1.1  �The Stuff of Life

Learning how the human body works involves studying it at different levels 
of size and complexity. We can figuratively peel away each of its layers like an 
onion or take it apart like a nested matryoshka doll. By going deep enough 
we leave the world of biology behind and enter that of physics, chemistry, and 
astronomy.

Like everything else in the universe our bodies are composed of matter and 
energy. Both of these terms are more complicated than one might think. We 
intuitively think of matter as the solid, liquid, or gaseous “stuff” that makes 
up the world. However, at a scale far smaller than our unaided senses can 
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detect, matter consists of “particles” called “atoms.” These occur singly or in 
combinations called “molecules ” [1, 2].

Atoms in turn consist of still smaller “subatomic” particles that include pro-
tons, neutrons, and electrons. Protons have a single positive electrical charge, 
electrons have an equal but negative charge, and neutrons have no charge 
at all. Protons and neutrons in turn consist of combinations of even smaller 
particles called “quarks.” While protons and neutrons can exist independently 
of atoms, quarks are not seen in isolation.

An atom consists of a central “nucleus” surrounded by one or more “orbit-
ing” electrons. This nucleus contains at least one proton and (usually) at least 
the same number (and often more) of neutrons. Nearly all the volume of an 
atom is empty space, with the nucleus and surrounding individual electrons 
being tiny compared to the atom’s overall size. Atoms with different num-
ber of protons are called “elements.” So far 118 elements have been identi-
fied, each with its own unique combination of chemical and other proper-
ties. Some of the most important elements involved in life processes include 
hydrogen (one proton), carbon (six protons), nitrogen (seven protons), and 
oxygen (eight protons).

“Isotopes” are atoms with the same number of protons but different num-
ber of neutrons. For example, the most common isotope of hydrogen has 
no neutrons, while another called “deuterium” has one neutron and a third, 
“tritium,” has two. Atoms normally have an equal number of protons and 
electrons. Since these latter particles have equal but opposite electric charges 
such an atom is electrically neutral, with no net charge. However, atoms can 
either gain electrons, thus producing a net negative charge, or lose electrons 
and develop a net positive charge. This process is called “ionization” and the 
charged atom is an “ion.”

The size and mass of an atom as well as its constituent parts are measured 
at scales far smaller than we normally use [3]. The size of a quark or electron 
is no more than about 1 × 10− 18 m, and an electron has a mass of only about 
9.11 × 10− 31 kg. Protons and neutrons each have a size of about 1 × 10− 15 m 
and similar masses—approximately 1.67 × 10− 27  kg for a proton and mini-
mally greater for a neutron. The average radius of the smallest type of atom, 
hydrogen, is on the order of 5 × 10− 11 m.

A greatly oversimplified model of the atom compares it to our Solar Sys-
tem. The nucleus becomes analogous to our Sun and the orbiting electrons 
to planets. Some early twentieth century science fiction writers seized on this 
image and went one step further to postulate the existence of electrons really 
being subatomic worlds with plant, animal, and even human life similar to 
our Earth. This concept led to works like Ray Cummings’s novel The Girl 
in the Golden Atom (1922) and Henry Hasse’s novelette “He Who Shrank” 
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(1936). It also became a staple of comic book stories in the mid-twentieth 
century such as the Silver Age DC Comics superhero The Atom, whose ability 
to shrink as small as the plot required allowed him to visit these tiny worlds 
in stories such as “The World of the Magic Atom” ( The Atom #19, June-July 
1965) and “The Up and Down Dooms of the Atom” ( The Atom #32, August-
September 1967). Even his fellow Justice League of America colleagues Green 
Lantern and The Flash occasionally shrank down to meet friends and foes in 
thrill-packed adventures on subatomic planets, e.g. “Prisoner of the Power 
Ring” ( Green Lantern #10, January 1962) and “Parasite Planet Peril” ( Green 
Lantern #20, April 1963).

Unfortunately this idea has no basis in reality. An atomic nucleus with its 
protons and neutrons bound together is not analogous in its details to our 
Sun, which consists primarily of isolated protons and electrons, a much small-
er proportion of helium nuclei (2 protons), and still tinier amounts of other 
ions in a high-temperature “plasma.” Electrons, protons, and neutrons may 
behave under some circumstances like discrete particles but as mathematically 
described waves under others. Far from having single orbits like planets the 
distances of electrons from the nucleus vary over a range of possible locations. 
The inhabitants of an electron-world would also presumably have to consist of 
“atoms” much smaller than the electron itself. For these and other reasons any 
story involving a subatomic world or even characters shrinking to or toward 
atomic size such as the 1957 movie The Incredible Shrinking Man, however 
thought-provoking in other ways, is not based on real science.

While we perceive matter as something tangible, energy is better described 
as a process, characterized by actual or potential action and change. Energy 
is defined in the most general terms as “the ability of one system to do work 
on another system” [4], or “the capacity to do work” [2]. Work is done when 
“energy is transferred to or from an object by means of a force acting on the 
object” [5].

These rather abstract concepts can be better understood by giving examples 
of the many forms of energy involved in life processes as well as others en-
countered in everyday life. “Kinetic” energy involves the motion of an object, 
such as a car moving down the street or the pedestrian walking on a nearby 
sidewalk. A compressed spring has “potential” energy—release the spring and 
the energy is converted to kinetic energy. The food we eat and digest releases 
“chemical” energy from interactions among the atoms and molecules in our 
meal. “Electrical” energy and “magnetic” energy are familiar to us regarding 
what they do based on our everyday experience with light bulbs and electronic 
devices or when we use a compass.

“Nuclear” energy is the kind stored within an atom’s nucleus itself and re-
leased under certain circumstances such as the explosion of an atomic bomb. 
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“Gravitational ” energy includes the attraction that anything having mass ex-
erts on other objects with mass and even “electromagnetic radiation” (e.g. 
light, see Chap. 6), which itself is a form of energy. “Thermal” energy involves 
motion at the atomic and molecular level and determines how “hot” or “cold” 
an object is, i.e. its temperature.

At the beginning of the twentieth century “classical” physics considered 
matter and energy to be distinct. Each was thought to be “conserved” in all 
interactions, that is, to be neither created nor destroyed. Several years later 
Albert Einstein postulated that matter could be converted into energy and 
vice versa, with the total amount of matter and energy in an interaction being 
conserved. This relationship is expressed quantitatively in his famous formula 
E = mc2, where E is energy expressed in standard units of joules, m is the rest 
mass in kilograms, and c is the speed of light in a vacuum (slightly less than 
3 × 108 m/s).

Going back to the very beginning of time, all existing matter and energy 
originates from the “Big Bang” some 13.8 billion years ago when the universe 
itself started to expand from a tiny initial state with extremely high tempera-
ture and density [6–8]. What caused that expansion is still uncertain but we 
can be reasonably sure it was not due to a spaceship’s exploding fuel tank as 
suggested in the Doctor Who serial “Terminus” (1983). It ultimately resulted 
in the creation of two basic types of matter. Stars, planets, and us are all 
made of “baryonic” matter, the variety containing subatomic particles such 
as neutrons and protons that we consider “normal.” Only about 4.9 % of the 
universe’s total matter and energy consists of baryonic matter [8].

Roughly 26.8 % of the universe consists of “dark matter.” In this context 
the adjective “dark” does not refer to matter that has been seduced by the 
wrong side of the Force and joined the Sith. Instead this is matter that we 
can detect only by its gravitational effects, such as how huge amounts of it 
surrounding our Galaxy affect the latter’s rotation, and not by “seeing” it via 
light, radio waves, etc. Some dark matter may be baryonic and “dark” only 
due to our current inability to detect it due to its great distance or other fac-
tors. However, most is thought to be “non-baryonic,” consisting of theoretical 
particles whose exact nature is still uncertain. The remaining approximately 
68.3 % of the universe consists of “dark energy.” It is responsible for making 
the universe expand more rapidly than it otherwise would. What dark energy 
actually “is” remains uncertain, but it may be an intrinsic property of “empty” 
space itself.

The baryonic matter present in the early universe could not produce life 
as we know it. Shortly after its birth our cosmos consisted overwhelmingly 
(about 92% of nuclei) of a single element, hydrogen, with the remainder be-
ing helium except for an extremely tiny percentage of lithium (three protons 
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in its nucleus). During a period of several hundreds of millions of years after 
the Big Bang the first stars formed from that primordial hydrogen and later 
congregated into galaxies [7]. Stars significantly larger and more massive than 
our Sun ultimately explode as one type of “supernova.” For some time before 
and especially at the time of that explosion those stars produce elements more 
massive than hydrogen and helium, including the carbon, oxygen, etc. that 
we need for life. Those elements then become part of the huge hydrogen 
clouds that form “younger” stars like our Sun, born some 4.57 billion years 
ago, as well as the planets around those stars.

Thus, all the elements that make life on Earth (including human beings) 
possible are the “leftovers” from the creation of our Sun and the rest of the 
Solar System. While many elements have important roles to play in keeping 
us and other living things alive, the critical one is carbon. It has the most 
complex chemical interactions of any element, being able to form bonds with 
so many other types of atoms in so many different ways that it has an entire 
branch of chemistry devoted to it, “organic chemistry.” The common science 
fiction phrase “carbon-based life-form” does indeed describe us and every 
other living thing on Earth.

Besides carbon, the most common elements used by living things are hy-
drogen, oxygen, and nitrogen [9]. Other elements also have important roles 
to play. As we will see, sodium and potassium are critical for the functions of 
cells. Calcium and phosphorus are essential for bone development, and the 
latter also contributes to the types of molecules that generate the energy we 
need to live. Sulfur is a key component in other important molecules and iron 
is needed for production of our blood.

The single most important compound (defined as two or more elements 
chemically bonded in fixed proportions) [2] for terrestrial life is water. It con-
sists of two hydrogen atoms bound with one of oxygen (H2O). Similar to 
carbon, in its liquid state water has both physical and chemical properties 
that allow a wide range of reactions among many different elements and com-
pounds. Life on Earth originated due to the presence of large amounts of 
liquid water, and it makes up about 70 % of an adult’s body weight.

1.2  �What Is Life?

Water, carbon, and many other elements and compounds are the basic build-
ing blocks of terrestrial life at the atomic and molecular level. But even if 
we pour packets containing all the individual chemicals that make up our 
bodies into a large vat of water, no amount of stirring would make a person 
emerge from it. Not even someone as technologically advanced as Marvin the 
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Martian in the cartoon “Hare-Way to the Stars” (1958) could really create 
“just add water” Instant Martians. The ways that the raw, individually lifeless 
chemicals that make up a living thing are organized and interact are also cru-
cial in deciding whether their combination constitutes life.

While it is easy to see that a rock is not alive1 and a raccoon is, the exact 
boundary that separates the inorganic from the organic is fuzzy. Both past and 
present terrestrial life has taken an astonishing range of forms. Although both 
people and plants are living things, what “alive” means for each of them is, in 
terms of both chemistry and capability, very different.

Describing what extraterrestrial life might be like is a common practice in 
science fiction [10]. Those alien beings may to some degree be modeled on or 
at least inspired by various terrestrial forms of life in form and/or how they act. 
Thus, aliens may be humanoid and typically bipedal in appearance, as is gener-
ally the case in the Star Trek universe. In Larry Niven’s “Known Space” works 
the Kzinti are similar to felines, while Puppeteers are tripedal herbivores with 
a herd mentality, with the latter two traits shared by animals such as cattle and 
deer here on Earth. The Mesklinites of Hal Clement’s novel Mission of Gravity 
(1954) have centipede-like bodies as an adaptation to their high-gravity world, 
while the Selenites of H. G. Wells’s The First Men in the Moon (1901) are insec-
toid in appearance and have a society similar to an ant colony.

 Aliens that differ markedly in appearance from anything terrestrial still 
may act in ways that humans can (although perhaps only with great effort) 
understand, often enough that some form of communication becomes possi-
ble with sentient extraterrestrials. Thus the titular character of Sir Fred Hoyle’s 
novel The Black Cloud (1957), though sharing little more than the funda-
mental laws of physics with us as living organisms, turns out to be relatively 
talkative. Even the otherwise incomprehensible radio wave-based Waveries in 
Fredric Brown’s story of that name (1945) show characteristics of being living 
such as moving volitionally, as do the unseen “aliens” of Robert A. Heinlein’s 
story “Goldfish Bowl” (1942).

The intrinsic properties and relative abundance in the universe of carbon 
and water compared to every element except hydrogen and helium make them 
successful materials for creating life—a statement whose proof can be found 
in your mirror. Science fiction occasionally deals with aliens who use elements 
other than carbon and water as the basis of their structure and life processes. 
For example, the chemical properties of silicon are in some ways similar to 
carbon, and under environmental conditions radically different than Earth’s 
(such as very high temperatures and/or pressures) might conceivably serve as 

1  Barring, of course, science fiction exceptions such as the Outer Limits episode “Corpus Earthling” 
(1963) or perhaps the Horta in the Star Trek episode “The Devil in the Dark” (1967).



8 Using Medicine in Science Fiction

a substitute. Even on our planet diatoms, a type of algae, protect themselves 
with walls made of silica (silicon dioxide).

Likewise liquid ammonia might be a reasonable replacement for water in 
organisms living at temperatures well below the latter’s freezing point, al-
though at the expense of slower chemical reactions. But overall the possibil-
ity of intelligent or even merely macroscopic life based on anything besides 
carbon and water remains speculative, with perhaps a slightly more optimistic 
possibility for microorganisms.

Given the myriad physical characteristics living things have or could have, 
defining what life is might be better approached indirectly by concentrating 
more on function than form—on what living beings do rather than merely 
how they are made. Traits associated with though not entirely defining life 
include having “…the capacity for growth, functional change, and contin
ual change preceding death,” [11] being “a self-sustaining chemical system 
capable of undergoing Darwinian evolution,” [9], and the ability of living 
things to “take in energy from their surroundings and use it to maintain their 
structure and organization” [12].

The “Darwinian evolution” phrase includes the ideas that for a particular 
type of life to survive at least some of its kind must not only reproduce but 
create copies of themselves that are not quite identical in key ways from the 
“originals.” Offspring having traits better adapted to living in a particular 
environment would thus be more likely to survive and reproduce than those 
that do not, in turn passing on those “adaptive” traits to their own offspring. 
This process is called “natural selection.”

Still, even collectively such ideas cannot give a comprehensive or universal 
definition of life. In some ways the question goes beyond science and into the 
realm of philosophy [13]. Fortunately, after laying all this background, we can 
narrow our focus to the realm of the merely human type of life.

1.3  �The Chemistry of Life

Although carbon and water form the core foundation for terrestrial life, in-
cluding the human body, in themselves they are “inorganic.” Neither a dia-
mond nor the water in a glass would ever be considered living. However, 
certain chemicals consisting of carbon along with the two elements that form 
water, hydrogen and oxygen, and a few other elements such as sulfur and 
phosphorus form the biochemical infrastructure for our bodies. The four 
most important groups of chemicals used by terrestrial living organisms, in-
cluding us, are carbohydrates, proteins, lipids, and nucleotides [14].
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Carbohydrates consist of various combinations and arrangements of car-
bon, hydrogen, and oxygen atoms that in their simplest form have the for-
mula (CH2O)n—that is, a ratio of one carbon atom to two hydrogen atoms 
to one oxygen atom [15]. Simple carbohydrates such as glucose and fructose 
are “sugars” or, more technically, “monosaccharides.” Glucose is present in 
our blood and acts as an important energy source for our bodies. Fructose is 
the sugar that gives honey and many fruits their sweetness. Both glucose and 
fructose have identical formulas, C6H12O6, but have different chemical prop-
erties because they are “isomers”—compounds with the same types and ratios 
of atoms but different structural or spatial arrangements of them.

 Sucrose, or “table sugar, ” is a “disaccharide”—a combination of one glu-
cose molecule and one fructose molecule, with a formula of C12H22O11. Lac-
tose is found in the milk of nursing female mammals, including women, and 
is therefore called “milk sugar.” It has the same chemical formula as sucrose 
but is a combination of one glucose molecule with another sugar, galactose, 
with these latter two simple sugars also being isomers of each other. Disac-
charides such as sucrose and lactose are broken down in our bodies into their 
constituent monosaccharides (e.g. glucose), which are then used as fuel for 
metabolic processes in our bodies—in other words, to produce energy for life.

A large number of monosaccharides also can link to each other to create 
a “polysaccharide,” a very long and chain-like molecule composed of many 
monosaccharide units. These “complex carbohydrates” include cellulose, gly-
cogen, and starch. Cellulose is a major structural component in many plants, 
such as the wood of trees. Humans cannot digest the cellulose in the grains 
(e.g. bran) and vegetables we eat and thus use it for energy. However, the 
fibers and other forms of cellulose in those foods assist health by adding bulk 
to our stools (feces) and thus helping prevent constipation and other ills. 
Glycogen is a “storage” form of glucose present particularly in the liver and 
muscles. Plants use starches as an important energy source, and when we eat 
them in the form of potatoes and grains our bodies break them down into 
glucose molecules for our own fuel.

Proteins are critical to keeping us alive and, literally, in one piece. Without 
them our bodies would collapse into a watery and very dead mess. Some, such 
as collagen, give our bodies their structure, particularly within skin and bones. 
Enzymes are a large class of proteins that regulate our biochemical reactions. 
Proteins store some of the nutrients we need to live as well as transport sub-
stances (such as the oxygen in blood) to different areas of the body. Other 
varieties of proteins help form our muscles and make them work, while ones 
such as antibodies act to protect us from infections.

All proteins are assemblages of smaller units called “amino acids.” Our bod-
ies use 20 different types of amino acids [15]. They all contain various com-
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binations of carbon, hydrogen, and oxygen atoms, and some also include ni-
trogen and even sulfur. The human body can produce 10 of these amino acids 
on its own, but the other 10 must be obtained from food. Besides producing 
proteins, individual amino acids can be involved in creating other important 
body substances such as some neurotransmitters needed for our brains and 
nerves to function.

All but one of these 20 amino acids can exist in either of two forms that are 
mirror images of each other—a “right-handed” or “left-handed” form. All life 
on Earth uses the left-handed form exclusively. Thus, an astronaut marooned 
on a distant planet whose plants and animals used the right-handed variety 
could not use them to provide nutritional value as food. It is thought that life 
on our world does not use a combination of left- and right-handed amino 
acids because that would produce proteins and other substances that could 
not function properly.

Why terrestrial beings use only left-handed amino acids is speculative. It 
could be a random event, with life just happening to start with that variety 
instead of the right-handed one. Amino acids can actually form in the envi-
ronment of space and may do so in originally equal amounts of the left- and 
right-handed types. Meteorites containing them may have fallen on the very 
young Earth and formed the building blocks for the ultimate development 
of life.

However, ultraviolet light produced by starlight in the region of space 
where the Sun formed might have selectively destroyed more right-handed 
amino acids than the left-handed variety due to how the light was “circularly 
polarized” [9]. The light waves in polarized light vibrate in only one direction, 
while those in unpolarized light vibrate in all directions perpendicular to the 
direction the light travels. Polarized light can also be oriented at different 
degrees relative to a circle surrounding the direction light is traveling. If the 
light is polarized in a particular way its energy will be more readily absorbed 
by one variety of “handed” amino acid than the other and destroy it, leaving 
the other type to predominate. Thus, it is at least plausible that life on planets 
orbiting stars similar to our Sun might also have been more likely to select 
left-handed amino acids too, and thus be potentially (assuming they do not 
contain other, poisonous substances) edible to us.

Like carbohydrates, lipids are composed of carbon, hydrogen, and oxygen 
atoms arranged in a variety of configurations. However, while many chemi-
cals in the body need to be dissolved in water to react and keep us alive, 
lipids are at most poorly soluble in water. Among other things this property 
enables them to form “barriers” to areas where the body needs to prevent or 
regulate the passage of water. This includes the membranes of our cells, and 
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the “blood-brain barrier” that helps keep potentially harmful substances away 
from our brains.

Lipids include such classes as fatty acids, fats, oils, and steroids. Some types, 
such as phospholipids and glycolipids, have molecules with one end that is 
“hydrophilic” with a strong affinity for water along with a “hydrophobic” end 
that repels water. This characteristic allows them to interact in different ways 
with water simultaneously, both keeping water out of areas it should not go 
for a person to stay healthy and at the same time being able to have chemi-
cal and other interactions with it. For example, the phospholipids in a cell 
membrane help regulate how much water enters and leaves a cell. This “gate” 
function prevents too much water from either entering or leaking from a cell, 
either of which could make it not function properly or even destroy it.

Fats also serve as energy stores, such as in the form of adipose tissue—a 
type that some of us may have a bit more than we need. The human body 
uses glucose and other forms of carbohydrates as its main source of energy for 
routine metabolism, roughly comparably to how an automobile engine uses 
gasoline. During periods of increased exercise or other need such as environ-
mental stress (e.g. being exposed to too much cold or heat) our bodies can, for 
a time, “step on the gas” by using greater amounts of carbohydrates to provide 
higher than baseline amounts of energy. Lipids act for the most part more as 
a long-term reserve fuel, used primarily to replenish other energy supplies as 
they are depleted.

Lipids also form the basis of triglycerides and cholesterol, two important 
chemicals that help transport fats through the body via the bloodstream. As 
we will see in the next chapter, too much of them in the blood can lead to 
serious problems, including blockage of blood vessels. However, having too 
little in the body would also be harmful. For example, cholesterol is part of 
cell membranes and needed to synthesize other important substances such 
as testosterone and estradiol, sex hormones that predominate in males and 
females respectively.

Water, carbohydrates, proteins, and lipids in various locations and combi-
nations provide most of the raw material that comprise the human body. They 
are crucial to keeping it working as an efficient biological factory and doing 
the “grunt work” needed to keep us alive. But behind the scenes another class 
of chemicals common to all terrestrial life, nucleic acids, are working to make 
sure that our proteins are created as needed and made correctly so that they 
can regulate all the other substances within our bodies. The two primary types 
of nucleic acids, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), 
are required to produce all the cells in a human body [16]. DNA is also used 
as the “storage medium” for the instructions on how, under the proper cir-
cumstances, to make another human being. As we will see in later chapters, 
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changes in DNA and the characteristics of the particular set an individual 
inherits are critical for evolution and natural selection.

The molecules comprising more complex carbohydrates, proteins, and lip-
ids are made of chains of smaller subunits, such as the various amino acids 
that make up proteins [17]. Nucleic acids are composed of three basic parts—
a sugar molecule, a “base,” and a phosphate group (a phosphorous atom with 
four associated oxygen atoms)—linked in repeating units called “nucleotides.” 
RNA uses the sugar ribose in its nucleotide units while DNA uses deoxy-
ribose. Phosphate groups attach to the sugar component to link the entire 
nucleotide sections together.

Both RNA and DNA use one of four different kinds of bases for each 
nucleotide unit. The three bases they have in common are adenine (A), cy-
tosine (C), and guanine (G). They differ in which fourth base they use, with 
RNA employing uracil (U) and DNA thymine (T). Adenine and guanine 
are members of one class of chemicals, purines, while cytosine, thymine, and 
uracil belong to another, pyrimidines. Gattaca (1997), a science fiction movie 
dealing in essence with how “well” nucleic acids function within individuals, 
used the abbreviations (A, C, G, and T) that denote the sequence in which 
bases appear within a strand of DNA as part of its title—i.e. G (guanine) A 
(adenine) T (thymine) etc.

RNA molecules usually consist of a single strand of different nucleotide 
subunits. As Francis Crick and James Watson reported in 1953, DNA nor-
mally consists of two strands entwined together as part of a spiraling struc-
ture—the famous “double helix.” These paired strands are connected in a very 
specific, “complementary” way via their bases. Adenine in one strand couples 
only with thymine in DNA or uracil in RNA, while cytosine connects only 
to guanine. This property allows nucleic acids to code for the production of 
proteins.

In humans and other terrestrial life RNA and DNA are both involved in 
producing proteins. The information on how to construct a protein is in-
cluded in a particular length of DNA based on the arrangements and types 
of bases in it. Making proteins involves production of “messenger RNA.” 
One strand of DNA, the template strand, directs creation of a single-stranded 
length of messenger RNA (mRNA) via a process called “transcription” [18, 
19] The template DNA strand has a pattern of bases complementary to what 
will be incorporated into the mRNA—e.g. adenine and cytosine in the DNA 
will correspond to uracil and guanine respectively in the mRNA. The second 
or coding DNA strand and the mRNA have identical sequences of bases ex-
cept that the DNA strand has thymine where uracil is located in the mRNA.

To make proteins, a section of the two strands comprising the DNA he-
lix temporarily separate from each other. The mRNA is then formed using 



1  How the Human Body Works: From Quarks to Cells 13

the template DNA as a pattern for incorporating complementary bases into 
it, along with adding sugars and other needed components to complete the 
mRNA. A particular set and sequence of three nucleotides (a “triplet,” or 
“codon”) in the mRNA indicates which amino acid should be placed at a 
particular location to create a specific kind of protein.

A molecule called transfer RNA (tRNA) transports the amino acids needed 
to construct a protein to the mRNA. Each tRNA molecule is bound to a 
single amino acid. The tRNA in turn binds to the corresponding area on the 
mRNA that tells which amino acid should be put at a particular place in the 
future protein. The actual synthesis of the protein also involves ribosomal 
RNA (rRNA). In a process called “translation” the tRNA and rRNA combine 
their efforts to read the information in the mRNA and create a protein. The 
amino acids bound to tRNA are joined one after another in a sequential, lin-
ear fashion, like links in a chain, with the help of rRNA to eventually produce 
a complete protein.

1.4  �Cells and Their Contents

The chemicals within our bodies are organized into two basic areas—cells 
and the “extracellular space” outside of cells [20]. All living organisms more 
complex than a virus consist of one cell or a collection of cells. Cells are self-
contained in that they include all the components required to maintain their 
own life processes and replicate. A virus, while considered (at least nominally) 
living, cannot reproduce on its own but requires some of the machinery lo-
cated within cells.

Single-celled organisms such as bacteria, protozoa, and some algae and 
fungi are “complete” in themselves. Each can independently interact with 
its environment by taking in nutrients, eliminating wastes, and reproducing. 
Some, such as cyanobacteria, form large colonies together consisting of many 
identical cells. Although life is thought to have originated on Earth perhaps 
as far back as 3.8  billion years ago, during most of that time it consisted 
of single-celled or very simple multicellular organisms. The emergence of a 
significant number of plants and creatures consisting of a more complicated 
collection of cells occurred during a period dating somewhere between only 
about 500 million to a billion years ago [21].

Complex, multicellular organisms such as humans are composed of differ-
ent kinds of specialized cells. Each type contributes in its own way to the life 
processes of the whole body. One recent report estimated the total of cells in a 
30-year old young adult weighing 70 kg (154 pounds) and 1.72 m (5 ft. 8 in.) 
tall as being at a minimum about 3.72 × 1013 (37.2 trillion) cells, with other 
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reported estimates reaching up to 10 quadrillion (1 × 1016) [22]. Some of our 
cells move and work individually, such as red and white blood cells. Others 
are part of larger structures and function collectively, e.g. in whole organs like 
the liver and heart. The various types of cells differ from each other in size, 
shape, degree of mobility, and the specific biochemical processes that go on 
within them. However, all share some common traits and components.

1.4.1  �Cytoplasm

The outer boundary of a cell is a thin layer called the cell membrane [23]. This 
membrane separates and protects the cell from its external environment and 
encloses its contents. In a figurative sense, the cell membrane acts as a cell’s 
“skin.” It regulates what goes in and out of the cell, allowing nutrients and 
life-sustaining substances to enter and waste products as well as ions, atoms, 
and molecules related to cell function to leave. Plants, fungi, and bacteria have 
a cell wall outside this membrane that provides additional protection and a 
more rigid structure. However, animal cells lack this wall, giving them more 
flexibility but at the cost of greater vulnerability.

The cell membrane also acts as a “bag” to hold the liquid cytoplasm, com-
posed predominantly of water, inside it. The cytoplasm contains the cytoskel-
eton, a network of tiny filaments and tubules that helps provide and main-
tain a cell’s shape. The cytoskeleton holds the cytoplasm’s internal structures 
in place, is involved in managing movement of substances into, out of, and 
within the cell, and helps the cell move and grow. The cytoplasm also contains 
various concentrations of elements dissolved in it. For example, most of our 
body’s potassium is contained within cells, while a greater concentration of 
sodium is normally outside them in the extracellular space.

The cytoplasm also contains “organelles”—specialized structures that carry 
out particular functions within the cell. The “endoplasmic reticulum” (ER) 
forms a network containing tiny tubes and sacs within the cytoplasm [24]. 
One type, the “rough” ER, helps process and transport proteins, while an-
other, the “smooth” ER, helps create lipids and glucose. The Golgi apparatus 
is a relatively large organelle that prepares protein for use and transfers lipids 
to different parts of the cell [25].

Vacuoles and vesicles are tiny “bubbles” within the cytoplasm [26]. While 
vacuoles typically hold mainly water, vesicles can act as “storage containers” 
for lipids and other substances. Vesicles can also store materials within the 
cell for later excretion into the extracellular space and move proteins inside 
the cell. Lysosomes, a specialized kind of vesicle, contain enzymes that break 
down various waste products, help recycle damaged and worn out organelles, 
and destroy “foreign” (e.g. invading viruses and bacteria) materials within the 



1  How the Human Body Works: From Quarks to Cells 15

cell. Somewhat similar to a person’s stomach, their contents are more acidic 
than the surrounding cytoplasm. The acid isolated inside lysosomes can “di-
gest” food particles and other materials without damaging healthy parts of 
the cell.

Ribosomes contain rRNA [20]. They are the sites where proteins are con-
structed via the methods described previously. Ribosomes may be “free agents” 
moving within the cytoplasm, or they may be bound to membranes such as 
those found in the rough ER.

Mitochondria2 are organelles that are critical for producing the energy our 
cells need to live [27]. They are the primary source for adenosine triphosphate 
(ATP), which acts like a molecular “battery” to transport chemical energy 
within a cell. Mitochondria produce ATP most efficiently via “oxidative phos-
phorylation,” a process that can include the breakdown of glucose into waste 
products of carbon dioxide and water. They are also the site of beta oxidation 
of fatty acids and other processes that produce ATP.

1.4.2  �The Nucleus

The earliest forms of life on Earth were “prokaryotes,” a class that still exists 
today as bacteria and another kingdom of single-celled microorganisms called 
“Archaea.” Prokaryotic cells lack mitochondria and a true cytoskeleton. Their 
DNA is condensed into a “nucleoid” that is located within the cytoplasm but 
not separated from it by a membrane [20, 23, 28].

Plants, fungi, and animals (including us) are all “eukaryotes.” Our cells 
contain mitochondria and thus can produce more energy than a prokaryote 
can muster. Except for a small amount present in mitochondria, the DNA of 
eukaryotes is contained in a specialized structure, the nucleus. This organelle 
is separated from the cell’s cytoplasm by a membrane system with two major 
components, an inner and outer nuclear membrane. Tiny pores in the nuclear 
membrane regulate passage of material between the nucleus and cytoplasm.

The shape of the nucleus is maintained via a system of filaments called 
the nucleoskeleton, somewhat analogous to what the cytoskeleton does for 
the rest of the cell. The nucleus itself also contains a specialized structure 
without a separate membrane called the nucleolus. It manufactures partially 
completed ribosomes that subsequently leave the nucleus for final assembly in 
the cytoplasm, where they play their essential role in creating proteins.

Most importantly, the nucleus and the DNA within it act as the command 
center for the cell by regulating the production of proteins. Single, coiled 

2  Not to be confused with the microscopic midi-chlorians mentioned by Qui-Gon Jinn in Stars Wars: 
The Phantom Menace (1999) as the intracellular “link” between macroscopic sentient life and the Force.
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lengths of double-stranded DNA are bound to RNA and certain proteins, 
particularly a type called “histones,” to form “chromosomes.” [29, 30] Pro-
karyotes such as bacteria typically have a single large, circular chromosome. 
In humans and, as a rule, other eukaryotes chromosomes are linear structures. 
The DNA in chromosomes is coiled, compacted, and combined with certain 
proteins to make up a complex known as chromatin [31]. The net effect is 
that chromosomes are usually “balled up” within the chromatin and generally 
not seen as individual structures within the nucleus.

The number of chromosomes normally present in different species varies 
widely. A fruit fly has 8 chromosomes, a chicken 78, and one variety of but-
terfly has 268. Humans normally have 46 chromosomes. These include 22 
different types of “autosomes,” each one designated by a number of 1 through 
22. With a few important exceptions our cells are “diploid”—that is, they 
each contain a pair of each type of autosome, for a total of 44. The remaining 
two chromosomes needed to reach the usual total of 46 are sex chromosomes. 
These come in two varieties, an X chromosome and a Y chromosome. The 
presence of two X chromosomes (XX) in an individual’s cells produces a fe-
male, while the combination of one X chromosome and one Y chromosome 
produce a male (XY).

During cell division—“mitosis”—the chromosomes that are normally 
“lumped” together in the chromatin separate into individual strands [32]. 
Before a cell divides it produces a copy of each of its original chromosomes. 
When mitosis begins chromatin condenses into discrete chromosome pairs 
consisting of the original chromosome and its duplicate, joined together at a 
tiny area called the centromere. In animal cells, during mitosis the nucleolus 
disappears and the nuclear membrane breaks down. As the cell continues to 
divide each pair of chromosomes separates, so that when mitosis is complete 
each of the two “daughter” cells created has the same number and types of 
chromosomes as the original “parent” cell. After cell division is complete the 
nuclear membrane and a nucleolus reform in each of the two cells.

New cells produced by a different process, “meiosis,” [33] are “haploid.” 
Instead of the paired sets of chromosomes adding up to 46 that human dip-
loid cells have, haploid cells contain only one set of 23 chromosomes. Gam-
ete cells—oocytes and ova (immature and mature egg cells, respectively) in 
females and sperm cells in males—are haploid. They originate from a diploid 
cell containing two copies of each chromosome, one derived from the organ-
ism’s female parent and the other from its male one. This cell then divides 
into two new but different cells, each containing a single set of chromosomes 
whose patterns of DNA are a blend of parts derived from each of the organ-
ism’s parents. These two new cells then duplicate their chromosomes, with 


